INTRODUCTION
For those heterogeneous reactors in which hot water surrounds the fuel elements, it is highly desirable that the fuel material be compatible with the water. In this case perforation of the fuel element cladding would probably have only minor nuisance value, and a relatively low standard of cladding integrity could be used, resulting in fuel element costs substantially lower than those typical of present designs.
Uranium is not compatible with water in the sense used above. For this reason attempts have been and are being made to produce corrosionresistant alloys. During the war this type of effort was made largely at the Metallurgical Laboratory and at MIT. This work has been reviewed by McWhirter and Draley,'•'•) and byWaber.'^^ Of the systems investigated, the most promising alloys (containing not more than several per cent of alloying elements) were binaries of uranixim with niobium and ternaries containing niobium and zirconium.
^
More recently, and contemporary to the present investigation, considerable efforts have been expended at Westinghouse Atomic Power Division and at Battelle Memorial Institute with the same general objective. During these studies, more attention has been given to alloys containing somewhat more of the alloying constituents. In particular, the attractive corrosion-resistant properties of the quasi-stable gamma alloys has been studied intensively. Many of the results of these investigations have been reported by R. K. McGearyl^) and by E. W. Cawthorne. (4) The studies described here were largely supported as part of the program leading to the Experimental Boiling Water Reactor (EBWR), now in operation at Argonne. Major consideration was given to the requirement of maintaining the smallest feasible percentage of alloying constituents (minimum dilution), and an effort was made to achieve minimum parasitic absorption of neutrons by the additives.
Alloys first tried during this investigation were logically those which had shown aqueous corrosion resistance (at lower temperatures) in earlier work. Thus alloys containing a few per cent of niobium were tested first.(^z As will appear later, it was logical and desirable to try other combinations leading to the development of a preferred alloy. These studies led to the development of the composition which was selected as the EBWR fuel (U-5%Zr-1-1/2% Nb).* Subsequent to this development most of the effort in this program was devoted to studies of the behavior and properties of this alloy. As a result, the major fraction of this report deals with these studies. Attention is here restricted to the development and study of this alloy as a corrosion-resistant material. Production of the alloy and fabrication of fuel elements from it, the effects of heat treatment and the kinetics of transformation, and the effects of irradiation on both its corrosion behavior and its physical properties are described elsewhere. ^ ' • "' ^' '•^ ' ' '
An additional part of this report is devoted to uranium-base niobium and niobium-tin alloys.
Further efforts are being aimed at providing an understanding of the mechanisms of uranium alloy corrosion and at producing new and better corrosion-resistant alloys.
MATERIALS AND METHODS
All alloys were vacuum melted and cast by the Foundry and Fabrication Group of the Metallurgy Division. Compositions of all those tested during this investigation are given in Table IIA (Appendix), together with the crucible material used. All were cast in a water-cooled copper mold, except for some of the latest ones which were prepared in heated graphite molds.
*A11 percentage compositions given in this report are by weight.
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Samples were prepared and heat treated, as part of this investigation, by members of the Corrosion Research Group (the authors). In general, heat treatment consisted of quenching from the gamma phase, followed in some cases by aging at a relatively low temperature.
Most samples were gamma quenched from 1000°C in vacuum. The bare samples were suspended in a tantalum basket placed inside a resistance-heated, stainless steel furnace tube. Samples were maintained at 1000°C for one hour and then quenched by dropping into molten Woods Metal at 125°C, which was stored in a container at the bottom of the furnace tube. The system was pumped continuously during this cycle.
Some samples were heated to the gamma phase (maximum temperature 850°C) in liquid metal or salt and quenched in water or another medium to determine the effect of heat-treatment variables. The type of heat treatment (both quenching and aging) is indicated in the presentation of the results.
Because of the wide variation in times and temperatures of aging, three methods of aging were used: 1) sample in an evacuated ampoule placed in electric oven (low temperatures -long times);
2) sample placed in Vycor tube furnace with flowing argon or helium (low^ and medium temperatures -short and medium times); and 3) liquid metal (high temperature -short time).
Samples were air cooled after aging. There were enough samples aged by two of these methods to indicate that the method used was not a significant variable.
Samples are described by the original casting number and the location (when known) with relation to the ingot, indicated as T (top), B (bottom), or C (center). Preparation of the material is described as c (as cast) or r (rolled). Thus L-170B-r indicates the bottom section of casting L-170 in the rolled condition. Compositions are given in weight per cent.
The high temperature corrosion tests were conducted in stainless steel autoclaves, placed in forced convection ovens. An autoclave is shown in Figure 1 . In most tests, samples were insulated from electrical contact with the stainless steel holder by means of synthetic sapphire rods, as shown in Figure 2 . Some corrosion tests performed in the Argonne Reactor Engineering Division are also reported here. In these tests the alloy samples were allowed free contact with the bodies of the stainless steel test autoclaves. 
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Before the first period of test the samples were wet-ground to 40 0 grit metallurgical paper. Whenever the sample ^hape made this procedure impractical, it was electropolished in a perchloric-acetic acid bath. Results indicate that there was no significant difference in corrosion behavior caused by this difference in procedure. Sample surface areas were measured, after which the samples were degreased in methyl alcohol, washed in distilled water and weighed. After each test period each sample was cleaned of loose oxide with wet Kleenex, dried under vacuum, and weighed. Where long corrosion tests were run, the values of the approximate amount of metal corroded were plotted as a ftmction of time, and the slopes of the curves so obtained are described as the "corrosion rate" (areas used in the computations were the original sample areas). In many cases less complete corrosion data were obtained. In these cases the usual procedure has been to calculate the average rate of weight change during each particular exposure. Since nearly all of the corrosion product formed fell off, or was removed prior to weighing, weight losses closely approximatedactual metal corroded. Hence, these average rates of weight change are referred to as ''average corrosion rates."
Distilled water was used as the corroding medium unless otherwise indicated. This water was double distilled, passing through a cation exchange resin between the two distillation steps. The resistivity of the water was equal to or greater than one megohm-cm at the tap. The autoclave was filled with this water, heated to boiling and the water discarded. The sample and its holder were then placed in the autoclave; water was then added and again heated to boiling. A water sample was then withdrawn and the autoclave sealed while the water was still boiling. The specific resistance of this water sample was measured as a check on water quality and cleanliness of the autoclave. The value was typically several hundred thousand ohm-cm. Fresh water was added in this way for each exposure so that during long tests the water was replaced each time the sample was examined.
Hydrogen analyses were performed in an apparatus in which the uranium alloy sample was heated into the gamma range (about 850°C). By means of two Toepler pumps the hydrogen was passed, through a palladium valve, into a calibrated volume where its pressure was measured. That the evolution of hydrogen in the gamma phase is complete has been demonstrated by corroborative analyses run by combustion. For analyses of samples after corrosion test, sometimes the corrosion product was removed by grinding the samples clean, and sometimes it was left on and simply dried by evacuation at room temperature. For a few cases where both procedures were used on similar samples, the results were the same, inferring that the drying procedure adequately removed moisture, so that errors from this source are unlikely.
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RESULTS
When samples of this group of alloys show satisfactory corrosion behavior in water, they become dark brown, with a faint luster. They also usually form a light scattering of shallow pits which increase in depth as exposure increases. Unusual appearance is noted in the appropriate place.
I. BINARY NIOBIUM ALLOYS
Just as the early work indicated that optimum corrosion resistance (at 100° and 1 78°C) was obtained by quenching these alloys from the gamma phase, so it was here observed. Alloys containing 3 and 6% niobium were observed to show good corrosion resistance in short time tests at 300°C. At this temperature, all 3% alloys which were cooled more slowly from the gamma phase disintegrated in short tests.
The results of long time tests (performed by the Reactor Engineering Division) on these alloys are given in Figures 3 and 4 . It is observed that both alloys show better corrosion resistance as quenched; the difference is much less striking for the 6% alloy than for the 3% alloy. Also note that the presence of oxygen dissolved in the water made very little difference in the corrosion behavior of the 6% alloy at 290°C. Although the 3% niobium alloy was shown to possess a considerable degree of corrosion resistance in the gamma-quenched condition, this property was adversely affected by aging (at relatively low temperatures) subsequent to the gamma quench. Aging for three days at 350°C destroyed the corrosion resistance to water at 300°C. Increasing the quenching temperature from 800° to 1000°C somewhat increased the resistance to aging. It is believed that aging during exposure to water at temperatures of 300°-325°C was at least partially responsible for the relatively short corrosion life of the alloy at these temperatures (one to two weeks at 325°C).
The 6% alloy showed the same type of sensitivity to aging, but to a lesser degree. Aging at 350°C did not destroy the corrosion resistance of the alloy at 260°C, but the rate increased by a factor of two or three. Sample failure did occur at 325°C and 360°C after aging.
The uranium-3% niobium alloy was anodic to Zircaloy-2. At 300°C and a sample separation of 0,5 cm, a current of about 2 microamp/cm was observed before the sample support failedafter two days at temperature.
As will be seen in the discussion of the uranium-5% zirconium-1-1/2%niobium alloy, it is believedthat hydrogen exerts a marked influence on the corrosion of these alloys. This belief is confirmed by the following experiment with the uranium-3% niobium alloy.
Three gamma-quenched samples were simultaneously exposed in degassed distilled water for 5-1/2 hours at 325°C. One sample insulated from the autoclave served as the standard control. A current of about 1 milliamp/cm^ was passed between the other two samples, which served as anode and cathode, respectively. Although the time of exposure was too short to result in physical damage to any of the samples, the average rate of corrosion was increased by the cathodic current and decreasedby anodic current, as shown in Table I . These results are in accordance with the proposal that the liberation of hydrogen at the metal surface increases the corrosion damage. A similar conclusion seems justified by another experiment. After 28 hours as the cathode in a hydrogen discharge tube ('^1-1/2 mamp/cm , 1000-1500 v), a sample of the 3% niobium alloy split during a one-day corrosion test in distilled water at 300°C. Charging the sample with hydrogen increased its susceptibility to aqueous corrosion damage.
II. TERNARIES OF ZIRCONIUM AND NIOBIUM
A. Selection of Composition
Although large amounts of zirconium (greater than 40%) are required for aqueous corrosion resistance at 260°C, (14) only about 5-6% is required to produce a corrosion-resistant alloy at 100°-1 50°C.(l 5,1 6) However, even in the gamma-quenched condition, the latter alloy forms and maintains a protective film only when there is oxygen dissolved in the water.(l5,l6)
These facts led to the investigation of ternary alloys containing zirconium and niobium. These alloys had initially been investigated as part of a program to replace niobium with zirconium, since the latter has more n 11 desirable nuclear properties. Both elements induce sluggishness in phase transformations, though niobium is considerably more effective. An alloy containing 1-1/2% each of niobium and zirconium disintegrated in less than twenty-four hours in degassed water at 260°C. There was little improvement in oxygenated water.(5) An alloy of 4% zirconium plus 2% niobium was comparable to the 3% niobium alloy in corrosion behavior and resistance to aging. However, an alloy of 5% zirconium plus 1-1/2% niobium showed no deleterious effects after 237 hours aging at 350°C. Thus, at these niobium contents, approximately 5% zirconium appears to be optimum (the minimum satisfactory amount). A series of alloys was then made to determine the minimum amount of niobium necessary to produce corrosion resistance in a ternary alloy containing 5% zirconium. Different amounts of niobium were added to portions of a master alloy (-'5% Zr). All samples were quenched in Woods Metal after one hour in vacuum at 1000°C. Corrosion results are shown in Table II . It is indicated that more than 1% niobium is required, but that small additions beyond 1.5% do not result in improved corrosion resistance. This composition was chosen as the reference alloy for the fuel for the Experimental Boiling Water Reactor, and a concentrated effort was applied to determining and understanding its corrosion behavior.
Relatively small amounts of silicon were observed to be harmful to the reference alloy. No accurate measure of the amount required was made, although a casting (H-272) which contained 30 ppm silicon as an impurity was normal in corrosion behavior, while the addition of 300 ppm silicon to a portion of it (H-277) caused gamma-quenched samples to disintegrate during three days exposure to water at 300°C.
B. Heat Treatment
Necessity for Gamma Quench
The uranium-zirconium-niobium system has been thoroughly studied and analyzed.(9,l 0) The discussion here is limited to that necessary for an ^Inderstanding of the relationship between heat treatment and corrosion resistance.
Between 677°C and the melting point the reference alloy (5 Zr + 1-1/2 Nb) consists of a single-phase (gamma) structure. A twophase (beta plus gamma) region exists in the narrow temperature range of 666° to 677°C. Below 666°C, the structure depends on the heat treatment received by the material.
Isothermal quenching from the gamma to the beta-plusgamma region (and holding there for, say, 24 hours) followed by rapid quenching to room temperature produces alpha plus a martensitic (distorted alpha) phase. This structure is not corrosion resistant.
If the above procedure is followed except that the temperature of the isothermal quench is reduced to about 660°C, the room temperature structure consists of normal alpha and retained (metastable) gamma. This structure also lacks corrosion resistance.
Rapid quenching from the gamma phase to temperatures close to room temperature produces the martensitic (distorted alpha) structure. This structure is corrosion resistant. It is not known if the alloying elements are present as a submicroscopic dispersion or are in supersaturated solution. However, a second phase has not been detected at 2000X. This treatment and resulting structure is necessary for high temperature corrosion resistance.
The rate of quench is very important. One typical method of heat treatment consists of holding the sample at 1000°C for one hour and then quenching in molten Woods Metal at 125°C. In one such operation the sample caught up in such a position that only about one-half was immersed in the Woods Metal. A subsequent three-day corrosion test at 300°C resulted in almost complete disintegration of that part of the sample which was not immersed.
Additional experiments confirmed the importance of quenching rate. A series of samples were heated in lead at 800°C and quenched in water, molten Woods Metal at about 150°C, oil, and liquid nitrogen. The first two groups of samples were satisfactory in water at 290°C. The latter two disintegrated in less than four days. Presumably the samples quenched in liquid nitrogen were surrounded by a vapor blanket which reduced the rate of cooling.
Corrosion-resistant material is produced by quenching from temperatures in the range 725° to 1000°C. The.materials tested apparently were homogeneous at these temperatures, since corrosion behavior was independent of time at temperature during gamma treatment, in the range of a few minutes to 5.5 hours.
2.
Aging Characteristics
The aging characteristics of the alloy are of importance from the point of view of particular uses. Of equal interest is the fact that a study of the aging process can lead to an understanding of the nature of the corrosion resistance and the mechanism of the loss of corrosion resistance.
Over-aging destroys the corrosion resistance of the alloy. Failure of the alloy can take place either by complete disintegration or by cracking or spalling into several pieces. The latter is apparently a stage in the former. If an apparently sound piece which has cracked off is subjected to a short additional exposure, further severe cracking or complete disintegration usually takes place. This statement refers to cracking into several relatively equivalent pieces and not to minor chipping from the bulk of a sample.
As an arbitrary measure of the aging resistance of the alloy it was decided that a sample was resistant to the given combination of time and temperature if it did not fail in either of the above ways in two weeks of testing in degassed, distilled water at 290°C.
In Figure 5 , the area above the curve represents heat treatments which caused failure in less than two weeks. Combinations of time at temperature below the curve did not cause failure as it has been defined. This curve is based on castings H-317, H-416, H-419, and L-170 in the as-cast and rolled conditions. Samples were quenched from 1000°C (in vacuum) and aged in argon, helium, or molten lead.
The corrosion life and approximate corrosion rate for each condition shown in Figure 5 can be seen in Table III . Aging for times insufficient to cause "failure" reduced short-time corrosion rates, with the optimum close to two hours at 400°C. This effect is illustrated in Figure 6 .
As the time of exposure was increased the corrosion rates of cast gamma quenched and gamma quenched and aged material became equal. In some cases the corrosion rate of gamma-quenched material decreased ( Figure 7 , curve 3), while in others the rate of the quenched and aged material increased, as shown in Figure 8 . (These figures are also 14- used to illustrate other ideas and will be referred to again in subsequent sections.) It also appears that aging at 400°C decreased the corrosion life of the few samples tested for sufficient times.
Rolled material, however, was benefited for relatively long periods by aging at 400°C, as shown in Figure 7 (curve 2).
To eliminate the possibility that aging occurred during test, cast samples of alloy H-317 were tested as quenched, as quenched and aged at 400°C for two hours, and as quenched and aged at 290°C for 312 hours. The results are summarized in Figure 8 . All samples showed appreciable periods of approximately equal corrosion rates. The reason for the subsequently increased rate of the sample aged at 290°C is not known. There were no visible cracks and the sample appeared in good condition.
Attempts to explain the mechanism of aging and its effect on corrosion resistance are complicated by the fact that the relevant processes apparently take place on a submicroscopic scale. However, the mechanism postulated below is in agreement with the observable facts.
As indicated above, the properly quenched alloy is a "distorted" alpha phase alloy of martensitic structure. Moderate aging produces a "cellular" structure within the martensite. Severe "over-aging" causes precipitation and agglomeration at the grain boundaries. These conditions are illustrated in Figures 9, 10 , and 11. 
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Although the sample aged at 475°C for three minutes was not corrosion tested, its structure is undoubtedly similar to one heated at 480°C for one minute. The latter sample was completely disintegrated after 4 days at 290°C in degassed, distilled water.
Several comments should be made concerning Figures 9, 10 and 11. First, the dark lines are probably borides. This casting had an unusually high boron content, i.e., 15 ppm. The "over-aged" sample also had the "cellular" structure but it was impossible to show both the "cellular" structure and grain boundary effect with one etch. Neither the "cellular" structure nor the grain boundary precipitation could be shown to exist on the as quenched sample. The grain boundary effect was revealed only on the "over-aged" sample.
Although the above results are useful in explaining differences between extremes of heat treatment, it appears that conventional optical metallography can throw no light on more subtle differences. A group of gamma-quenched samples were aged at 425°C for periods ranging from 10 minutes to two hours, thus crossing the region from good to poor corrosion resistance. Metallographic examination revealed nothing definite, but there was a hint of grain boundary precipitation in the specimens aged longest.
X-ray diffraction results for the same group of samples (and for a few others) are much more interesting. In Table IV it is indicated that a significant drift in the 20 value toward that of a uranium accompanies increased aging. This can be explained as the precipitation of a submicroscopic phase, followed by agglomeration of the precipitate. At the same time enough line sharpening was observed to indicate strain relief. It would thus appear that agglomeration of the precipitate and return of the lattice dimensions to those of a uranium are responsible for loss of corrosion resistance. The sample aged at 375°C was corrosion tested previous to X-ray analysis. Hydrogen pick-up and/or concurrent aging may have affected its 2 0 value.
Included in the study of aging phenomena was an attempt to correlate corrosion resistance and hardness. No such correlation was found It appears that hardness changes in this material occur as a consequence of more than one type of reaction. It is thus possible to produce samples having the same hardness, but showing wide variations in corrosion resistance; conversely, aging (within limits) gamma-quenched alloy increases its hardness considerably, but produces relatively little difference in corrosion behavior. This is illustrated by the hardness values in Table IV. a/ ***this sample had been corrosion tested previous to X-ray analysis (290°C-13.7 days).
C. The Role of Hydrogen
The standard heat-treatment procedure includes heating in a vacuum tube furnace at 1000°C. Considerable gas (believed to be largely hydrogen) is evolved in this process. In an effort to learn whether corrosion behavior is influenced by this gas, adjacent samples from the same rolled ingot were trpated in vacuo and in molten lead.
The corrosion of these samples in water at 290°C is shown in Figure 12 . The sample heat treated in helium was included to reproduce the thermal history of the vacuum-treated sample. It is inferred that the gas content of the metal, as received, is detrimental to its corrosion properties. A similar result can be deduced from the corrosion of the sample quenched from salt (the eutectic of LizCOs and K2CO3), as shown in Figure 7 , curve 5. For the first twelve days its corrosion rate was the same as the sample differing only by having the vacuum heat treatment. Subsequent to that time, however, the salt-treated sample continued to corrode at the same rate while the corrosion rate of the vacuum-treated sample decreased by 40%. The hydrogen content of this particular salttreated sample was not determined; however, similar samples given the same treatment contained about 35 ppm hydrogen. Vacuum-treated metal contains little or no hydrogen.
It is thought that hydrogen is frequently responsible for poor corrosion resistance, and particularly for failure by cracking. A mechanism has been proposed, both at Argonne and Westinghouse Atomic Power Division, to account for the cracking phenomenon. First, hydrogen produced in the corrosion reaction diffuses into the metal. Accumulation of hydrogen in specific locations, either as molecular hydrogen or as uranium hydride, produces sufficient local stress to cause cracks. Such cracks may be at or near the surface or may be a series of cracks starting from the interior. The access of water to the metal in the cracks then produces oxide, of increased volume, and the crack is further propagated by this wedging action.
Hydrogen analyses of corroded samples show direct correlation with the amount of metal corroded. In Table V , such data have been treated to show the per cent of the hydrogen produced which was i5 absorbed in the alloy. After a short initial period the percentage of hydrogen absorbed remained constant for similar samples from the same piece. Initial hydrogen content (after heat treatment) was 0.9 ppm.
When samples from different sources were corroded, there was not always the same fraction of the produced hydrogen absorbed into the metal. It is interesting to observe in Table VI , however, that the rate at which the hydrogen accumulated was approximately the same for all the samples, independent of their corrosion rates. The data from the second sample show that "loading" the material with hydrogen (by treatment in salt) before corrosion caused a higher corrosion rate. However, the absolute rate of hydrogen pickup by the sample (during| corrosion) was not increased. As indicated above, an identical sample of the "loaded" material continued to corrode at the initial rate for at least 55 days, so that the shorter exposure time for the second sample in Table V does invalidate the argument.
Although the rate of hydrogen pickup was approximately the same, the corrosion-mduced cracking was not. Assuming that this type of cracking is caused by corrosion product hydrogen, it must be supposed that high local hydrogen concentrations in the metal cause it, rather than the total amount present. The following experixncntal results support this hypothesis. A quenched and aged specimen contained 0.9 ppm hydrogen. After about eleven days of testing at 290°C the sample was cut in half and analyzed for hydrogen. The results were 5.7 and 8.1 ppm (± 0.1 ppm). It is significant that the piece with the higher hydrogen content had a subsurface crack which was revealed in sample preparation.
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The salt-treated sample referred to in Table VI contained about 35 ppm hydrogen after heat treatment. Very likely this was uniformly distributed in the body-centered, cubic gamma uranium during the treatment. After an additional hydrogen build-up of 8 ppm during the corrosion test there was no evidence of cracking. Thus a total quantity of hydrogen which causes cracking in a sample in which it is not uniformly distributed did not cause cracking here. Perhaps the original (uniformly distributed) hydrogen enhanced the diffusion of the corrosion product hydrogen so that it too was uniformly distributed.
A group of samples which had been quenched from salt were aged in a helium atmosphere at 400°C for various periods of time and tested for 71 hours in degassed,distilled water at 290°C. The aging times bracketed that for optimum corrosion resistance of a vacuiim-treated sample, i.e., approximately two hours. The results are shown in Table VII. The as-quenched sample reacted typically. The behaviors of the aged samples were completely different from that of vacuum quenched and similarly aged metal, in that the corrosion resistance was destroyed.
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It seems likely that during the aging process the hydrogen concentrated, perhaps at grain boundaries. These concentrations might act as nuclei for further local hydrogen buildup, especially if the hydrogen is present as hydride. The analytical samples consisted of small pieces of metal close to cracked surfaces. As expected, very high hydrogen contents were found. When the hydrogen content of the alloy becomes greater than its solubility, it has been expected that a (new) hydride phase will form. Efforts to observe such a phase in a number of samples of the sort previously discussed were unsuccessful. It was therefore attemptedto obtain higher total hydrogen content as follows. A duplicate sample of L-170 B-c was quenched from salt at 850°C and aged in helium at 400°C for three hours. It was then exposed to degassed, distilled water at 290°C for twentyfour hours. At the end of this period the sample had a rough, heavily pitted, irregular surface; it had corroded at an average rate of 2126 mcd. The hydrogen content was 1100 ppm. The unexpectedly high corrosion rate (as compared with data in Table VII ) could have been due to an inadequate quench. However, the object of obtaining a sample with high hydrogen content for metallographic study was achieved.
The sample was examined metallographically after heat treatment,after corrosion, and after hydrogen analysis.* The respective hydrogen contents were approximately 35, 1100, and 0 ppm. The photomicrographs appear in Figure 13 . Only the sample with the high hydrogen content has *The hydrogen analysis produces a slow cooled alloy and the resultant structure is very complex. The sample was therefore gamma quenched andagedafter analysis in order to produce a structure more conducive to evaluation. what may be described as a "salt and pepper" effect. This structure has been found in this alloy only in samples containing high hydrogen contents. It is therefore inferred that the structure is hydride..
The difficulty of forming the (proposed) hydride is in line with the report that the addition of as little as 0.5% zirconium to 10.5 and 12% molybdenum alloys virtually eliminates the precipitation of hydride.('^) It would be desirable to identify the new phase as the hydride in a more rigorous manner, for instance by X-ray or neutron diffraction. However, the highest hydrogen concentrations produced to date are below the threshold (2000 ppm or greater) of detection and identification by these methods. The particles are too small to be identified by standard microfocus X-ray equipment.
Hydrogen can also be introduced into the sample by exposing it as the cathode in a hydrogen discharge tube. Such a sample (after 24-hour bombardment) was cracked after exposure to water and steam (because of autoclave leakage, part of the test involved a steam exposure) at 300°C for three days. A similarly tested, but non-bombarded, sample corroded in the normal manner.
D. Effect of Temperature
Water temperature affects both the corrosion rate and the useful life of this alloy. As indicated earlier, simultaneous aging may occur at sufficiently high temperatures. Figure 14 is representative of tests performed by the Reactor Engineering Division. The effects of temperature on corrosion rate and life are illustrated.
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FIGURE 14
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E. Galvanic Effect
As in the case of the uranium-3% niobium alloy,,the uranium-5% zirconium-l 1/2% niobium alloy was anodic to Zircaloy-2. At 300°C and a sample separation of 0.5 cm, a current of about 2 microamp/cm^ was observed.
F. Effect of Fabrication
The bulk of the data considered to this point have been for cast samples. The main difference in behavior between cast and rolled material is the long-time response of corrosion behavior to aging.
As noted in Section B, cast gamma-quenched samples approach the same corrosion rate after 10-14 days exposure, regardless of whether they are aged before testing. Aging also tends to reduce their corrosion lifetime.
In the case of rolled samples, moderate aging (2 hr at 400°C) appears to increase the corrosion life and decrease the corrosion rate (through the useful life of the material). This effect has been illustrated in Figure 7 . In addition, a sample identical to the vacuum quenched and aged sample of Figure 12 (except that it was not aged) was tested under the same conditions. Before failure the corrosion rate was about 16 mcd; it failed in 9.7 days. In contrast, the aged sample had a rate of 10.1 mcd before failure at 31 days.
In addition to alloys prepared by conventional casting procedure, some material prepared by powder metallurgy techniques (Sylvania) was also tested. In general, corrosion rates were higher and corrosion life shorter, presumably because of porosity.
III. TERNARIES OF NIOBIUM AND TIN
Simultaneously with the development of the zirconium-niobium ternary alloy, an attempt was made to increase the thermal stability of the 3% niobium alloy.
Additions of (20% of the atom per cent of niobiurn) iron, nickel, silicon, and tin were made to the 3% niobium alloy. The iron alloy could not be rolled without cracking. Results of tests in 300°C degassed,distilled water on the other alloys as quenched, and quenched and aged, are shown in Table VIII. It is evident that only the alloy containing tin is an improvement over the 3% niobium binary alloy. This alloy (as quenched from 1000°C) was then subjected to additional aging treatments. The results are tabulated in Table IX . 
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The above data indicate that the thermal aging resistance of 3% niobium-0.7% tin alloy may be superior to that of the 5% zirconium-1.5% niobium alloy.
The difficulty in obtaining homogeneous alloys and reproducible data are also indicated. This difficulty was encountered in the further study of the niobium-tin alloys. During this study all corrosion samples were cut from rolled alloys.
A series of 3% niobium alloys containing 0.25 to 1.60% tin were prepared. Results of short-time tests at 300°C appear in Table X . The alloys were tested, as quenched from 1000°C, in degassed,distilled water and in degassed,distilled water containing 50 ppm nickel ion (added as NiS04). Work on aluminum corrosion(l''') had indicated that the addition of nickel sulfate to the test water prevented penetration of the metal by corrosion product hydrogen (by the formation of nickel cathodes on the metal surface). As indicated previously, hydrogen penetration is believed responsible for failure of the uranium alloys by cracking. It is apparent that increasing the tin content increased corrosion rates during short exposure to distilled water, and that the presence of nickel ion in the water reduced the tendency to crack. The presence of nickel also produced a corrosion rate relatively independent of tin content (but considerably higher during the first 2-3 days exposure than that of the best tin alloy in distilled water).
The tests in distilled water were continued on alloys H356 and H352. In addition, alloy H357 (3.14% Nb + 0.78% Sn) was tested under the same conditions. All failed by cracking or crumbling in a total time of 11 days or less. Duplicate samples tested at approximately the same time at 290°C gave the same results.
The presence of nickel ion increased only slightly the corrosion life of these as-quenched alloys (except the 0.52% Sn alloy). Failure times were 16 days or less. The life of the 0.52% tin alloy was considerably increased: chipping was not observed until after 61 days. The corrosion behavior of this alloy is illustrated in Figure 15 . After 61.3 days a section After 67 days the sample was cut in half (through the defect) and photographed. Internal cracks, not visible in the original surface, are clearly revealed in Figure l6 . This type of behavior is believed typical of the failure pattern of the alloys considered in this report. Another sample of the 0.52% tin alloy was platinized in a solution of chloroplatinic acid containing lead acetate. It was thought that the platinum might act in the same manner as the nickel. However, only minor improvement resulted. Chipping was noted after 7.5 days and the sample had started to split after 14.5 days. The effectiveness of the platinum plate is apparently only as good as its adherence. At the end of the test, no detectable platinum remained (microscopic and spectrographic examination).
Because of the erratic behavior of these alloys in water it was decided that additional data \vere necessary in order to permit realistic evaluation of the effect of nickel ion. Another sample of the 0.52% tin alloy was tested in the gamma-quenched (1000°C) condition in degassed, distilled water at 290°C. The test was discontinued after 37 days. Results are in Figure 15 . There was no evidence of cracking or failure of any kind. This behavior was in sharp contrast to that of two samples of the same casting previously tested under the same conditions; these had failed by cracking or crumbling in 3.7 days or less.
This series of tests is indicative of the problems associated with the study of the niobium-tin alloys. The explanation is not readily apparent. There was no evidence of gross inhomogeneity. It is possible that the alloy may be brittle and subject to quench cracks. Such cracks were noted in many cases and the known affected samples were discarded. However, it is certainly possible that samples with internal or micro external cracks were tested.
The alloys were subjected to a variety of aging treatments after quenching from 800° or 1000°C. These treatments are listed in Table XI . Except for the instances noted below, all heat treatments resulted in failure by cracking and/or crumbling after exposures of 13.5 days or less at 290°C. The 3.1% niobium-0 .26% tin alloy (quenched from 800°C and aged at 350°C for 6 hours) failed during the test interval 20-25 days. Samples of the 3.1% niobium-0.78% tin alloy were quenched from 800°C; some were aged at 250°, and some at 350°C. These had lives of greater than 72 days, and of about 40 days, respectively, at 290°C. The results for this alloy are summarized in Figure 17 . Changing its aging temperature changed the corrosion lifetime, but apparently did not change the corrosion rate prior to failure. Figure 18 shows the change in structure which accompanied aging a quenched alloy. The changes were similar to those taking place in 5% zirconium-1 1/2% niobium alloy, i.e., precipitation and agglomeration at the grain boundaries. The niobium-tin alloys are perhaps potentially as corrosion resistant as any of the high uranium distorted alpha alloys discussed in this report. However, no definite conclusion can be made until reproducible data are obtained.
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Niobium-tin alloys fabricated by powder metallurgy methods were also tested. As for the zirconium-niobium alloy prepared by this method, corrosion rates were higher than those for conventionally cast metal.
DISCUSSION Aqueous Corrosion of Uranium
It is considered helpful to discuss some aspects of the mechanism of the aqueous corrosion of uranium and then to show how the situation is modified by alloying. The results of this investigation will be used to support the belief that hydrogen produced as a product of the corrosion reaction has a considerable influence on corrosion behavior.
As unalloyed uranium corrodes in air-saturated distilled water at room temperature it forms a thin continuous and protective film of uranium dioxide. Samples of the metal in this environment develop typical interference-color films, and the progress of corrosion can be estimated from the apparent film thickness. After sufficiently long exposure, however, points of local breakdown of this film are observed. At these points ^J* 
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the corrosion product is fine granular uranium dioxide. Where this type of product is formedj the rate of corrosion is considerably higher o With further exposure time these points of breakdown gradually spread, and it is inferred that eventually most of the surface would be corroding at the more rapid rate characteristic of the situation where the relatively unprotective corrosion product is formedo(l) It is considered, and the idea is developed in a publication by two of uSi,(18) that these points of local breakdown represent places at which corrosion product hydrogen reacts beneath the protective film to form uranium hydrideo This hydride then prevents bonding between the oxide film and the metal. Since this bonding appears to be a necessary requirement for the stability of thin oxide films of this type, the corrosion product takes its more stable form, a mass of fine crystals.
It is essential that there be some oxygen dissolved in the water in order to have the protective film. The means by which the oxygen acts cannot be stated unequivocally, but it appears reasonable to suppose that oxygen adsorbed on the protective oxide film will prevent the entry of hydrogen into the film, and will hence prevent access of hydrogen to the uranium surface. The fact that breakdown ultimately occurs indicates that the prevention of the entry of hydrogen into the oxide film is not complete. In the absence of dissolved oxygen, corrosion always proceeds on initially clean metal at the rate characteristic of the situation where there is no stable protective film.(1/ As the temperature is increased it is perhaps more difficult to prevent the access of some of the hydrogen to the metal surface, and the solubility of oxygen in the water is reduced. Consequently there is a temperature above which the formation of the highly protective film is not observed on unalloyed uranium. In air-saturated water this temperature is about 60° to 70° C. The addition of hydrogen peroxide to the water apparently increases this temperature somewhat" (1) Alloying with Zirconium By the addition of more than a minimum amount of zirconium the apparent sensitivity to the hydrogen effect can be considerably reduced, so that the protective film forms in boiling distilled water on a uranium-5% zirconiunn alloy. (15, 16) The behavior of this alloy in boiling distilled water can be described in exactly the same terms as was the corrosion of unalloyed uranium in air-saturated distilled water at room temperature. Ultimately local breakdown of the oxide film occurs, and the film does not form if oxygen is rigidly excluded from the water.
There are three mechanisms which appear reasonable as explanation for the effect of the alloying zirconium. In the first the incorporation of zirconium into the UOg lattice could make an inherently more stable film, and could also make the process of hydrogen migration through it more difficult. That this is at least reasonable is indicated by the fact that the presence of zirconium in the oxide produced on these alloys has been observed to reduce the UO2 lattice dimensions.(15)
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The second proposal for the protective action of zirconium is that the metallic zirconium in the surface layers of the metal acts as a getter for that hydrogen which does reach the metal surface. If, then, the zirconium is distributed in such fashion that it can getter all of the hydrogen reaching the surface, no uranium hydride should be formed, at least until the zirconium becomes saturated. According to this picture the ultimate breakdown of the oxide film occurs when this saturation is effected. The requirement for oxygen in the water might be that hydrogen can be absorbed by the zirconium at only a given rate. Reduction of the rate at which hydrogen reached the metal surface below this rate would be effected by the oxygen. If the amount of alloyed zirconium is increased so that the total rate at which this metal can absorb hydrogen at the surface is equal to or greater than the rate at which hydrogen gets there (without any retardation, as by oxygen), then there should be no requirement for dissolved oxygen. 7.5% zirconium is apparently sufficient for this purpose.(1") Some gettering action by zirconium is indicated in uranium alloys, since it has been reported(^) that as little as 0.5% zirconium virtually eliminates the formation of internal hydride crystals in gamma-phase alloys.
The third alternative considers that the quenched structure may consist of a single phase. If this is the case, it may be that the strained phase (martensitic) so produced allows rapid diffusion of hydrogen into it. Hence at least parts of the entire surface would be gettering the hydrogen. This proposal is in accord with the fact that the strained lattice has larger parameter s than the normal alpha structure (Table IV) . In other studies, (19, 20) increasing lattice parameters (by tension) has been observed to cause the rate of hydrogen diffusion to increase, sometimes strikingly.
The altered properties of the oxide appear to be insufficient to explain all of the observed phenomena.(l 5) The proposals relating to the disposal of hydrogen are therefore preferred and will be emphasized in the remainder of this discussion. Of these, the one based on the gettering action of the alloying elements is preferred. In addition to the observed gettering action of zirconium previously referred to, the greater effectiveness of increased percentages of zirconium seems more readily explained on the basis of this hypothesis.
The Role of Niobium
Just as in the corrosion of aluminum, where damage due to corrosion product hydrogen is believed to occur,d''') the addition of cathodes having low hydrogen overvoltage to the metal surface should be beneficial. If all of the corrosion product hydrogen can be formed at these active cathode sites, and in a molecular form, it should bubble off and be lost from the uranium surface. The function of preventing access of the hydrogen to the uranium surface can thus be fulfilled in two ways: (1) the existence of hydrogen getter areas, and (2) the activity of cathodes having low 3« hydrogen overvoltage. It would be guessed that zirconium and niobium both act in the first way and that nickel, when present in the corroding solution, or as alloyed in the uranium, acts in the second way. In both cases, it is presumably necessary for the "hydrogen disposal units" to be present as second phase (with our choice of explanations in the preceding paragraph)
A fine random dispersion of the second-phase disposal units is desirable for their most efficient operation. The superiority of niobium over zirconium as an alloying constituent for this purpose is perhaps that it is better both as a hydrogen getter and as a grain refiner (which should provide finer distribution of the niobium or 72 phase).
Damage by Hydrogen
Presumably the niobium does not do a perfect job in providing protection. It is assumed that a small amount of hydrogen is available to the surface uranium. Very possibly this influences the corrosion rate, either by the formation of a small amount of uranium hydride or perhaps even by some disruption of the oxide by gaseous hydrogen formed beneath it.
When samples of the alloys described in this report are corroded in water they frequently become pock-marked or etched. Sometimes such localized corrosion is observed to make rather deep pits in the rolling direction of the material. This is perhaps an indication of the formation of surface hydride at the places where the hydride forms easiest. Subsequent to its formation the hydride presumably reacts with the water to form oxide corrosion product.
In addition, some of the hydrogen diffuses into the metal. Thus, for the "reference alloy" a constant rate of hydrogen pickup by corroding samples was observed, in terms of micrograms of hydrogen per square centimeter of corroding surface. It is presumably this latter hydrogen which causes ultimate failure of samples after prolonged corrosion exposure.
Consequently both reduction of the corrosion rate and increase of the corrosion lifetime might be caused by the use of more efficient material for hydrogen disposal, or greater area of such material, or its better distribution. In addition, it would be desirable to achieve the condition where that hydrogen which finds its way into the metal becomes uniformly distributed within it. In this way high local concentrations of hydrogen within the metal will not build up until such concentration has been reached throughout the metal. This should provide increased corrosion lifetimes over those now observed for the reference alloy. Both objectives are perhaps at least partly achieved in those alloys in which the gamma phase is stabilized. The body-centered, cubic gamma phase has a much higher multidirectional hydrogen diffusion rate than does the alpha uranium; it might also provide a more efficient surface for the reduction and liberation of hydrogen. In a sense, the entire alloy is thus made an effective material for hydrogen disposal. Active cathodes on its surface should provide additional benefit, and apparently do (see corrosion in nickel salt solution and the effect of platinum) . (3) Hydrogen which is present in the metal appears to be harmful only if it is highly concentrated at certain locations. Thus, reference alloy as normally received shows only relatively short corrosion lifetime, when quenched without concurrent or previous vacuum treatment. This corrosion lifetime is considerably increased by the observed removal of gas, presumably hydrogen, by vacuum treatment at elevated temperature. Even alloy which has been loaded with hydrogen while in the gamma phase shows reasonable corrosion lifetime as quenched. It is thus implied that the distribution of the hydrogen is important, since hydrogen is soluble in the gamma phase and thus may be expected to be uniformly distributed. This tolerance to hydrogen disappears, and the material has very brief corrosion lifetime, if it is aged prior to corrosion testing. It would seem that aging concentrates the hydrogen at specific sites and the resultant change in the lattice facilitates further rapid penetration of the structure by corrosion product hydrogen, resulting in the early failures observed. This line of reasoning leads to the interesting prediction that removal of concentrated hydrogen at temperatures low enough so that the lattice changes are not repaired would not improve the corrosion resistanceL
Effect of Heat Treatment
To return to the "strained alpha" alloys, it appears that suitable second-phase material must be present and that optimum behavior for a given composition will be achieved only by a good dispersion of an optimum particle size, as will be indicated below.
It will be fruitful to consider the metallurgy of the uranium-niobium and uranium-niobium-zirconium systems. Holding these alloys in the gamma phase homogenizes them. Rapid quenching produces a martensitic structure. According to Dwightj(9) quenching small samples of the reference alloy produces a structure in which only the single phase can be detected by optical metallography up to magnifications of 2000X. As based on the preferred theory developed here, it would be expected that tiny sampless if single phased, would not be corrosion resistant. This, however, is not the case; such samples behave in a normal manner. This result makes it necessary to believe that (a) there is a submicroscopic, hydrogenabsorbing phase present, or (b) hydrogen diffuses readily into the martensite, or (c) the theory requiring absorption of hydrogen into the surface of "good" alloys during corrosion does not apply. I
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Moderate aging completes the precipitation (if it was not already complete) and causes a slight growth of the second-phase particles already present. In this way the precipitate particles become large enough to act as more perfect sites for hydrogen liberation or absorption. For the liberation of gaseous hydrogen the particle size should be optimum when a sufficient accumulation of hydrogen atoms can form on the cathodic particle to make and liberate gaseous hydrogen, avoiding contact with the matrix material. The requirement as a getter would be much the same. It is presumed that a certain number of hydrogen atoms must accumulate on the surface of a material before rapid absorption and diffusion occur; the optimum size for particles would be presumed to be that which is required to accommodate such hydrogen atoms on its surface.
Optimum corrosion behavior should thus be produced by the heat treatment that gives optimum second-phase distribution. Further aging would then result in the agglomeration of the precipitate into fewer larger particles, leaving larger areas of the matrix phase which must be "protected" by the hydrogen disposal phase. There is also a question whether hydrogen diffusion into the metal at the phase boundary regions (between matrix and precipitate) would become easier.
There are two ways to explain the beneficial effect of zirconium as an additive to the uranium-niobium binary alloy. In the first, the addition of several per cent of zirconium will act as a grain refiner and will very likely slow down agglomeration of the second phase during aging. Hence the distribution of the active phase will perhaps be more favorable initially and the unfavorable effects of overaging will be retarded.
The second explanation deals with the nature of the second phase formed. The equilibrium structure of the reference alloy consists of alpha uranium and about 10%7j,(9) which is gamma uranium saturated with niobium and zirconium. The corresponding structure of the niobium binary alloy is alpha uranium and72, which is niobium saturated with uranium. 72 is not found in the ternary system. It is entirely possible that the final precipitation and/or agglomeration of the 7x phase take place at different rates from those from the corresponding processes for the 72 phase. Thus, if the growth of the particles of 7x is considerably slower at a given temperature than is the equivalent growth of particles of 72, the increased resistance of the ternary alloy to the harmful effects of overaging is explained.
Niobium-Tin Ternaries
The niobium-tin alloys showed promise of being every bit as good with respect to corrosion resistance with or without aging as the reference alloy. That further work on this alloy system did not show the material to be living up to its promise was perhaps no more than an indication that the system is metallurgically unfavorable. Different parts of the same piece frequently had completely different sensitivity to aging, and showed different corrosion rates and sensitivity to failure by cracking. Perhaps the trouble has simply been inhomogeneity, either in terms of composition or in terms of metal structure. One of the problems has apparently been a tendency to crack upon quenching from the gamma phase. *denotes those which were cast into heated graphite molds.
